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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1519 

THE EFFECT OF VACUUM ON THE PENETRATION CHARACTERISTICS 

OF PROJECTIUS I N T O  FINE PARTICLES 

By Leonard V. Clark and John Iocke McCarty 

SUMMARY 

The penetration charac te r i s t ics  of various spherical  p ro j ec t i l e s  impacting 
on t o  a test-bed mater ia l  of f i n e  p a r t i c l e s  were examined i n  a pressure environ- 
ment which ranged from atmospheric t o  1 x 10-5 mm Hg absolute. The invest igat ion 
included measurements of the  depth of penetration and analysis of the impact 
processes by photographic techniques t o  evaluate the e f f ec t s  of var ia t ions i n  the 
mater ia l  p a r t i c l e  s ize ,  t e s t ing  technique, and the  s ize ,  mass, and veloci ty  of 
the  impacting p ro jec t i l e .  

The r e s u l t s  of t h i s  invest igat ion indicate  tha t  the  depth of penetration 
in to  aluminum oxide p a r t i c l e s  ranging i n  s ize  from 600 microns down t o  approxi- 
mately 32 microns (granular mater ia l )  i s  independent of both the environmental 
pressure and the  average p a r t i c l e  s ize .  However, impacts i n to  pa r t i c l e s  smaller 
than 32 microns (powdery mater ia l )  indicate  t h a t  the depth of penetration in- 
creases with decreasing p a r t i c l e  s i z e  and i s  dependent upon the environmental 
pressure i n  the  range between atmospheric and approximately 1 m Hg. 
motion p ic tures  taken during impacts on the powdery mater ia l  revealed t h a t  the 
number of p a r t i c l e s  expelled during the  impact decreased a s  the environmental 
pressure w a s  reduced from atmospheric t o  approximately 1 mm Hg. No expulsion 
w a s  evident a t  lower pressures.  

High-speed 

INTRODUCTION 

The subject of t h i s  paper i s  believed t o  be of special  i n t e r e s t  i n  connec- 
t i o n  with various conceptions of the  lunar surface. Of primary importance t o  
manned lunar f l i g h t  i s  the  a b i l i t y  of the  vehicle upon landing on the moon t o  
remain on the  surface i n  a posi t ion acceptable f o r  surface operations and 
relaunch t o  earth.  The design of a vehicle t o  land on the lunar surface i s  
highly dependent on the  nature of t h a t  surface. I f  the  surface i s  firm and 
fairly leve l ,  the  solut ion of the landing and take-off problem i s  rather  s t ra ight -  
forward. However, should the  surface consist  of deep layers  of dust ,  the  landing 
and take-off problem could be complicated by surface erosion and dust entrainment 
by the  retro-rocket. 
dangerous environment inasmuch as such a surface may not o f f e r  su f f i c i en t  bearing 
s t rength t o  support the  vehicle i n  a tenable posit ion.  

I n  addition, t he  presence of dust introduces a poten t ia l ly  



Reliable data on the  nature of the  lunar surface a re  needed f o r  engineering 
purposes as w e l l  a s  t o  s a t i s f y  s c i e n t i f i c  cur iosi ty .  Although the data on the  
nature of the  lunar surface a re  very l imited,  there  a re  many opinions by astron- 
omers and other s c i e n t i s t s  ( fo r  example, re fs .  1 t o  3 )  as  t o  the  presence of dust 
on the  lunar surface. However, s c i en t i s t s ,  i n  general, disagree a s  t o  i t s  formu- 
la t ion ,  quantity,  d i s t r ibu t ion ,  behavior, and p a r t i c l e  s ize .  For example, con- 
troversy regarding the  dust behavior ranges from the assumption t h a t  the  lunar 
dust i s  i n  a f l u i d  s t a t e  t o  the  assumption that the  surface i s  i n  the  form o f ' a  
s intered mass. I n  the  one extreme, it i s  argued tha t  dust from the  high regions 
i s  transported t o  t h e  low regions by such mechanisms a s  e l ec t ros t a t i c  forces  and 
micrometeorite explosions, whereas, a t  the  other  extreme, it i s  argued t h a t  the  
dust i s  s intered a s  a r e s u l t  of t he  immoderate lunar environment (high vacuum, 
extreme temperature, so la r  radiation, e t c . )  and, a s  such, i s  void of any migra- 
tory tendencies. These and other  such arguments very natural ly  promote varia- 
t ions  i n  the  predicted depths of the  dust layer  and i n  the predicted s izes  of the  
dust pa r t i c l e s .  From such theories ,  it appears that the dust layer,  i f  it ex i s t s ,  
can be expected t o  range i n  depth from several  millimeters on the  higher regions 
t o  over a kilometer on the lower regions of the  surface. Recent radar, photo- 
metric, and thermal radiat ion measurements, summarized i n  references 4 and 5 and 
i n  other papers suggest shallow depths. With some exceptions, the estimated dust 
p a r t i c l e  s izes ,  based on measurements of electromagnetic radiat ion i n  the infra-  
red, v i s ib l e ,  radio, and radar bands, range from 10 t o  300 microns. 

I 

Unt i l  t he  nature of t he  lunar surface i s  adequately known, t he  design 
requirements f o r  placing payloads i n t a c t  on the  lunar surface must include the 
e f f ec t s  of a wide range of possible landing surfaces. 
cept, considerable a t ten t ion  must be given t o  the  charac te r i s t ics  of bodies 
landing o r  impacting i n  dust-l ike media i n  a lunar environment. One primary 
charac te r i s t ic ,  d ic ta ted  by the  a t t i t u d e  and posit ioning requirements of the  
communication, s c i e n t i f i c  exploration, and recovery systems, i s  the  depth t o  
which bodies w i l l  penetrate t he  surface upon landing. Reference 6 presents the 
r e s u l t s  of a study of t he  penetration of hemispherical nose p ro jec t i l e s  i n  var- 
ious materials including sand and references other  impact s tudies  i n  tha t  medium. 
However, t he  tes ts  of these s tudies  were performed under atmospheric conditions 
and possibly do not r e f l e c t  penetration charac te r i s t ics  which would preva i l  under 
the  environmental conditions which ex i s t  a t  t he  lunar surface. The behavior of 
bodies impacting various media under such an environment i s  v i r tua l ly  unknown. 
To the  authors '  knowledge, t he  avai lable  l i t e r a t u r e  consis ts  of four references 
which discuss the  results of penetration t e s t s  i n  dust-l ike media under vacuum 
pressures. 
t i o n  in to  f ine  p a r t i c l e s  a t  atmospheric and a t  s l i gh t  vacuum pressure. Refer- 
ence 9 presents  the  r e s u l t s  of a more recent study wherein penetration depths i n  
several  volcanic-type dusts  were examined over a wider range of vacuum pressure, 
but where t h e  t es t  media were shallow i n  depth, contained mixed p a r t i c l e  sizes,  
had been packed, and i n  all cases (including tests under atmospheric pressure) 
had been subjected t o  the lowest tes t  vacuum pressure. Reference 10 presents the  
r e s u l t s  of a recent and more comprehensive study of penetration i n  crushed ol ivine 
basalt under atmospheric and vacuum pressure environments; t h e  tes t  media con- 
s i s t ed  of random-particle-size mixtures. 

In  view of t he  dust con- 

References 7 and 8 present t he  r e su l t s  of l imited s tudies  of penetra- 
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The present report  discusses the  r e s u l t s  of an investigation of the pene- 
t r a t i o n  charac te r i s t ics  of spherical  p ro j ec t i l e s  impacting a bed of f ine  p a r t i -  
c l e s  of uniform s ize  i n  a pressure environment which was varied from atmospheric 
t o  1 x 10-3 mm Hg absolute. The penetration charac te r i s t ics  obtained through 
measurements and photographic techniques were examined t o  evaluate the  e f f ec t s  of 
var ia t ions  i n  the  s ize  of the  test-bed pa r t i c l e s ,  t he  t e s t ing  technique, and 
several  of the impacting body var iables .  

SYMBOLS 

d diameter of impacting p ro jec t i l e ,  cm 

k penetration parameter 

m mass of impacting pro jec t i le ,  grams 

V 

Y penetration depth of impacting p ro jec t i l e ,  cm 

veloci ty  of impacting pro jec t i le ,  meters/sec 

APPARATUS AND TEST PROCEDURE 

Apparatus 

Description of p ro jec t i l e s  and test-bed material .  - The impacting p ro jec t i l e s  
used i n  these penetration tes ts  consisted of s ix  spheres which varied i n  diameter 
from 1.59 t o  2.54 centimeters and i n  mass from 12.3 t o  66.7 grams. 
diameter of each of the spheres are l i s t e d  i n  table I. The basic  s t ructure  of 
each sphere was steel except f o r  the lightest (configuration 4) which w a s  made of 
p l a s t i c .  Configurations of t he  same diameter but of d i f fe ren t  mass were obtained 
by boring desired amounts of steel from the spheres and replacing the  removed 
volume with contoured balsa plugs. The chosen test configurations permitted the 
i so l a t ion  and study of t he  separate e f f ec t s  of p ro j ec t i l e  mass and diameter on 
the  penetration charac te r i s t ics  i n  the test-bed material. 

The mass and 

The test-bed material on t o  which the  p ro jec t i l e s  were impacted consisted of 
aluminum oxide (Alumina) pa r t i c l e s  of uniform size.  The average pa r t i c l e  sizes 
used i n  these tests are l i s t e d  i n  t ab le  I1 together w i t h  t h e  average density of 
the material under atmospheric conditions p r io r  t o  tes t ing .  
varied from the  granular consistency of t he  600-micron pa r t i c l e s  t o  the  f ine  
powdery tex ture  of t h e  3-micron pa r t i c l e s .  
accordance with the  allowable s iz ing l i m i t s  of reference 11. Aluminum oxide was 
chosen as the  test-bed material  because it i s  commercially available i n  large 
quan t i t i e s  of well-defined pa r t i c l e  s izes ,  and because it i s  a d i e l e c t r i c  ( radar  
s tudies  of the  lunar surface, such as reference 8, suggest t h a t  the  surface layer  
i s  a nonconducting material). 
and therefore  can be economically subjected t o  low vacuum pressures. 
t i e s  l i s t ed  i n  t ab le  I1 represent the  average bulk dens i t ies  f o r  t he  d i f fe ren t  
p a r t i c l e  s izes  which, because of the  separation of pa r t i c l e s ,  a re  s ign i f icant ly  

The test-bed material 

All par t i c l e  s izes  had been graded i n  

I n  addition, aluminum oxide outgasses a t  a low rate 
The densi- 
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l e s s  than the  p a r t i c l e  density of 3.95 grams per cubic centimeter. 
impact t e s t s  were a l so  made on t o  a bed of s i l i con  carbide (pa r t i c l e  density of 
3.20 grams per cubic centimeter),  having an average p a r t i c l e  s ize  of 16 microns 
and an atmospheric bulk densi ty  of 1.16 grams per cubic centimeter, i n  an e f f o r t  
t o  study penetration cha rac t e r i s t i c s  i n  a d i f fe ren t  material .  

Several 

Description of environmental chambers.- The penetration t e s t s  were performed 
i n  two environmental chambers which provided overlapping ranges of vacuum pres- 
sures. Both chambers u t i l i z e d  the  same evacuation system, which consisted of a 
displacement pump with a f ree-a i r  capacity of 425 l i t e r s  per minute and a three- 
stage diffusion pump. The t e s t s  a t  atmospheric and intermediate vacuum pressures 

1 
2 were conducted i n  a 1--cubic-foot (42.5 l i t e rs )  s ta in less -s tee l  chamber, shown 

schematically i n  f igure  1. 
1 means of a 1-- inch f l ex ib l e  bronze bellows and the pressures were measured by a 4 

vacuum gage capable of sensing pressures from atmospheric t o  2 x 
top  and one w a l l  of the  chamber were f i t t e d  with g lass  windows t o  permit v i sua l  
and photographic observations of the contained t e s t  bed. Access t o  the t e s t  bed 
w a s  provided by means of a removable top  which, during reduced-pressure opera- 
t ions ,  w a s  sealed t o  the chamber by an "0" ring. The removable top w a s  equipped 
with a mechanism which housed, separately, as many as s ix  p ro jec t i l e s  and a 
mechanical l i n k  which w a s  used t o  actuate  the release mechanism of each housing. 
Impact ve loc i t i e s  up t o  2.44 meters/second could be obtained during f r e e  f a l l  of 
the  p ro jec t i l e s  by adjust ing the height of t he  housing mechanism above the t e s t  
bed. 
and replacing the  mechanical l i n k  with a desired length of pipe equipped a t  t he  
upper end with a mechanism t o  house and release a single p ro jec t i l e .  

The chamber w a s  connected t o  the pumping system by 

mm Hg. The 

Higher impact ve loc i t i e s  could be achieved by removing the  housing mechanism 

Vacuum pressures approaching 5 x mm Hg were obtained by use of a Pyrex 
b e l l  jar chamber having a nominal diameter of 18 inches and a height of 30 inches. 
This chamber, l i k e  most laboratory-type vacuum systems, w a s  seated d i r e c t l y  above 
the  pumping apparatus and w a s  equipped with two types of pressure-sensing devices: 
a thermocouple accessory c i r c u i t  f o r  measuring pressures between 1 and 
1 x 
1 x t o  2 x mm Hg. A brass  container capable of holding approximately 
0.3 cubic foot  of test-bed mater ia l  w a s  mounted on a stand within the  chamber as 
shown i n  the  photograph of f igure  2. The height of the  container above the base 
of t he  b e l l  jar w a s  varied t o  obtain t h e  desired impact ve loc i ty  of the  f ree-  
f a l l i n g  p ro jec t i l e .  
means of an ex terna l  permanent magnet and released as required by removal of the  
magnet. This chamber permitted f r e e - f a l l  impact ve loc i t ies  up t o  about 

mm Hg and an ionizat ion gage which operates at pressures varying from 

A single  p ro jec t i l e  w a s  suspended from the  top of the  jar by 

I 3.35 meters /second. 

Test Procedure 

The test  procedure consisted of impacting spherical  p ro j ec t i l e s  on t o  t e s t  
beds composed of uniformly sized p a r t i c l e s  exposed t o  known vacuum pressures and 
recording the  resul t ing penetration charac te r i s t ics .  Tests were conducted i n  two 
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environmental chambers which permitted an evaluation of the  penetration charac- 
t e r i s t i c s  over a range of pressures from atmospheric t o  1 x 10-5 mm Hg absolute. 
(Pressures referred t o  i n  t h i s  paper a re  absolute pressures. ) Suff ic ient  quan- 
t i t i e s  of t he  tes t  material were placed i n  each chamber t o  provide a depth between 
12 and 15 centimeters (approximately 5 or  6 inches).  In  preparation f o r  a t e s t  
t he  tes t  bed w a s  s t i r r e d  t o  remove a l l  packing e f f ec t s  and afterwards leveled t o  
provide a smooth impact surface. After- the preparation of t he  material  at atmos- 
pheric pressure, t he  impacting p ro jec t i l e  or projec t i les  (depending upon the 
housing mechanism being employed) were ins ta l led ,  the chamber sealed, and evacua- 
t i on  of t he  a i r  begun. Upon reaching the  desired pressure level,  the  evacuation 
pumps were shut out of the  system and the  p ro jec t i l e  released t o  impact t he  sur- 
face.  The chamber w a s  then returned t o  atmospheric pressure by bleeding, i n  most 
cases, dry nitrogen in to  the  system. After desired photographs were taken, meas- 
urements of t he  distances from a reference l eve l  t o  the undisturbed surface adja- 
cent t o  the  impact region and t o  the  top of t he  impacting body were made t o  estab- 
l i s h  the  depth of penetration. These measurements were made with a s l id ing  scale  
which permitted accuracy t o  within kO.05 centimeter. 
tes t  bed appeared t o  remain unchanged during chamber evacuation, a slight decrease 
w a s  noted during the  return-to-atmosphere cycle of the  tes ts  on the  powdery mate- 
rials as a r e s u l t  of the  increased pressure i n  the  system. Measurements were made 
at atmospheric pressure after the  change had occurred, but, since it appeared from 
observations t h a t  both the  surface of the t e s t  bed and the  p ro jec t i l e  shif ted 
downward i n  unison, t h i s  change i s  not ref lected i n  the penetration measurements. 

Although the  l eve l  of the 

In  addition t o  the  evaluation of t he  penetration charac te r i s t ics  of the pro- 
j e c t i l e s  i n to  t e s t  beds consisting of uniform pa r t i c l e  s izes ,  tests were a l so  con- 
ducted f o r  var ia t ions  i n  the t e s t i n g  technique and i n  the p ro jec t i l e s  t o  es tab l i sh  
t h e i r  e f f ec t  on the  penetration depth. 
i den t i ca l  except t h a t ,  i n  evaluating the  e f f ec t s  of surface packing, the  t e s t  pro- 
cedure w a s  interrupted by the  application of a s t a t i c  loading t o  the  test-bed 
surface, i n  3-pound increments, immediately p r io r  t o  sealing the  chamber. 

The procedure involved i n  a l l  tes ts  w a s  

RFSULTS AND DISCUSSION 

The r e s u l t s  of experimental studies on spherical  p ro j ec t i l e s  impacting f ine  
p a r t i c l e s  exposed t o  a vacuum environment are presented i n  f igures  3 t o  11. 
f igures  include curves and photographs which describe the  penetration character- 
i s t i c s  of t he  impacting p ro jec t i l e s  as a function of the  environmental pressures. 
The penetration charac te r i s t ics ,  as affected by t h e  size of the  pa r t i c l e s ,  and 
var ia t ions  i n  the  t e s t i n g  technique and i n  the p ro jec t i l e s  are reviewed and d is -  
cussed i n  the  subsequent sections.  

These 

Effect of Test-Bed Pa r t i c l e  Size 

The poss ib i l i t y  t h a t  the  layer  of dust on t h e  lunar surface consis ts  of par- 
t i c l e s  having a uniform pa r t i c l e  s ize  i s  indeed remote. 
research on materials consisting of f ine  pa r t i c l e s  requires a knowledge of t h e  

However, fundamental 
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e f f e c t  of p a r t i c l e  s i z e  before the  more obvious case of random-particle-size d is -  
t r i bu t ion  i s  examined. I n  view of t h i s ,  t he  penetration cha rac t e r i s t i c s  of a 
body impacting nine separate s i zes  of t es t  p a r t i c l e s  were evaluated and the  
r e s u l t s  are presented i n  f igu res  3 t o  7. Figure 3 presents the  measured penetra- 
t i o n  depths f o r  a spherical  p r o j e c t i l e  as a function of the environmental pres- 
sure  a t  t h e  impact surface. Penetration da ta  a re  included f o r  average p a r t i c l e  
s i z e s  ranging from 3 t o  600 microns over a range of pressures between atmospheric 
and approximately 1 x 
invest igat ion,  t he  depth of penetration i n t o  p a r t i c l e  s izes  equal t o  o r  grea te r  
than 32 microns ( p a r t i c l e s  having an obvious granular consistency) i s  independent 
of the environmental pressure. However, f o r  p a r t i c l e  s izes  l e s s  than 32 microns 
(powdery i n  nature) the depth of penetration decreases rapidly with decreasing 
environmental pressure u n t i l  t he  pressure i s  reduced t o  about 1 mm Hg. 
sures less than 1 mm Hg the  penetration depth remains constant throughout the 
range of pressures investigated. 
penetration i n  the  coarse o r  granular p a r t i c l e s  i s  apparently unaffected by par- 
t i c l e  s ize  whereas the  penetration i n  the  powdery mater ia ls  increases  with 
decreasing p a r t i c l e  s ize .  

mm Hg. The f igure  shows t h a t ,  within t h e  l i m i t s  of the 

For pres- 

Figure 3 fu r the r  indicates  t h a t  the depth of 

The mechanisms involved i n  producing these penetration cha rac t e r i s t i c s  were 
examined by means of motion p ic tures  taken during the impact process. Sequences 
taken from these movies are presented i n  f igures  4 t o  7, which show impacts i n t o  
both granular and powdery materials a t  two d i f f e ren t  environmental pressures, 
atmospheric and 0.1 mm Hg. 
as indicated i n  f igure  3, i s  independent of the  environmental pressure f o r  a l l  
pressures less than 1 mm Hg. 

The reader i s  reminded that the  depth of penetration, 

Figures 4 and 3 show impacts a t  atmospheric pressure and at a pressure of 
0.1 mm Hg, respect ively,  on t o  a t e s t  bed consis t ing of p a r t i c l e s  having an aver- 
age s i z e  of 600 microns. 
change i n  t h e  impact phenomena due t o  the  vacuum environment. 
accord with t h e  penetration da ta  of f igu re  3 .  

A comparison of t he  two f igures  reveals  no apparent 
This i s  a l so  i n  

Figures 6 and 7 show t h e  results of similar impacts on t o  a bed of p a r t i c l e s  
having an average s i ze  of 16 microns. Figure 6, which depicts  t he  impact under 
an atmospheric environment, shows t h e  formation of a deep c ra t e r  with an accom- 
panying expulsion of t h e  dust  i n  small c lus te rs .  
t he  t es t  conditions are iden t i ca l  t o  those employed i n  obtaining f igure  6 except 
t h a t  t he  pressure has been reduced t o  0.1 mm Hg. 
upon impact, instead of creat ing t h e  explosive c r a t e r  associated with atmospheric 
impacts such as i l l u s t r a t e d  by f igure  6, t h e  body penetrated the  surface and w a s  
e s s e n t i a l l y  enveloped by the  dust. It w a s  observed i n  the  course of these t e s t s  
on the  powdery material t h a t ,  as the  system pressure i s  reduced from atmospheric, 
t he  number of p a r t i c l e s  expelled decreases u n t i l ,  a t  pressures of approximately 
1 mm Hg and lower, no expulsion i s  evident. 

In  t h e  photographs of f igure  7, 

It i s  noted i n  t h i s  case t h a t  

A possible explanation of t he  behavior of t he  d i f f e ren t  p a r t i c l e  s i zes  of 
t he  test-bed material during the  impact process i s  afforded by an examination of 
t he  manner i n  which the  energy of t he  impacting body i s  diss ipated.  I n  general, 
t h e  body energy i s  primarily d iss ipa ted  by packing of t he  material  immediately 
ahead of the  body and t h e  expulsion or displacement of t he  pa r t i c l e s .  From a 
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consideration of these factors ,  it i s  apparent t ha t  f o r  ident ica l  test conditions, 
penetration depths i n  the  granular type materials should be less than those i n  
the  powdery type since the  granular pa r t i c l e s  a re  l e s s  susceptible t o  packing and, 
because of t h e i r  l a rger  s ize  and mass, of fe r  greater  resistance t o  p a r t i c l e  
d i  splacement . 

The particle-displacement charac te r i s t ics ,  as i l l u s t r a t e d  i n  f igures  4 t o  7, 
can possibly be explained by examining cer ta in  forces  associated with the  indi-  
vidual pa r t i c l e s .  
which are opposed by cohesive and f r i c t i o n a l  forces  between pa r t i c l e s .  
i n e r t i a l  forces  of granular materials apparently exceed the cohesive and f r i c -  
t i o n a l  forces  so t h a t  pa r t i c l e s  a re  displaced from the impact region. 
appears t o  be the  case regardless of the environmental pressure. On the other  
hand, f o r  the powdery materials,  the  pa r t i c l e  i n e r t i a l  force i s  apparently l e s s  
dominant than the  combined cohesive and f r i c t i o n a l  forces  and such impacts, a t  
low environmental pressures, r e su l t  i n  no medium expulsion. However, i n  atmos- 
pheric and near-atmospheric pressure environments (pressures greater  than about 
1 mm Hg) the  powdery pa r t i c l e s  are supplied suf f ic ien t  i n e r t i a ,  because of the  
compression of air  present within t h e  test  bed, t o  overcome the  r e s i s t i ng  cohesive 
and f r i c t i o n a l  forces  and such impacts r e su l t  i n  spectacular explosions of par- 
t i c l e  c lus te rs .  

Pa r t i c l e s  displaced by the  p ro jec t i l e  possess i n e r t i a l  forces  
The 

This 

Effect  of Variation i n  Testing Technique 

I n  view of the  sca t t e r  noted i n  t h e  penetration measurements of f igure 3, 
several  tes ts  were made t o  evaluate possible scat ter ing e f f ec t s  due t o  cer ta in  
var iables  associated with the  t e s t i n g  technique. These var iables ,  some of which 
were examined i n  more d e t a i l  than others,  included the  preparation of the test- 
bed material  p r io r  t o  tes t ing ,  the  depth of the t e s t  bed, the evacuation r a t e ,  
and the  duration of the  par t ia l -pressure environment. 

Preparation of the  test-bed material.- The data presented i n  f igure 3 and 
i l l u s t r a t e d  by the photographs of f igures  4 t o  7 are  the  r e su l t s  of impacts on t o  
a tes t  bed which had been stirred t o  remove any packing ef fec ts .  Addi t iona l  data 
were obtained f o r  two s izes  of p a r t i c l e s  - one powdery (16 microns) and one gran- 
u l a r  (600 microns) - t o  evaluate any surface packing e f f ec t s  on the depth of pene- 
t r a t ion .  Measurements made i n  the  granular material  appeared t o  be unaffected by 
surface packing, at least fo r  s t a t i c  packing pressures up t o  approximately 
150 grams per square centimeter, which indicates  that, f o r  such pa r t i c l e  s izes ,  
depth of penetration i s  not c r i t i c a l l y  affected by the  preparation techniques. 
The depth of penetration i n  the powdery material ,  on the  other hand, appeared t o  
be affected by inconsistencies inherent i n  the preparation process which suggested 
possible packing effects. 
packing e f f e c t s  i n  a powdery material are presented i n  f igure  8 where the  depth 
of penetration i s  p lo t ted  as a function of s t a t i c  packing pressure f o r  impacts 
under both atmospheric and vacuum (0.8 mm Hg)  environments. The s t a t i c  packing 
pressure was i n  a l l  cases applied a t  atmospheric pressure p r io r  t o  seal ing the 
chamber and immediately following the  normal preparation process. The data  show 
that, i n  atmospheric and vacuum environments, t he  depth of penetration decreases 
with increasing packing pressure. 

The results of tests t o  invest igate  these possible 

It i s  a l so  observed from the  data tha t  t he  r a t e  
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at  which the  depth of penetration decreases appears t o  be greater  f o r  the atmos- 
pheric than f o r  t he  vacuum case. It i s  in te res t ing  t o  note tha t  f o r  extreme 
packing (accomplished by means of a dynamic loading which yielded a packing pres- 
sure f a r  i n  excess of t he  pressure scale  of f i g .  8) the  p ro jec t i l e  penetrated the 
surface deeper i n  the  vacuum environment than at atmospheric pressure. 

References 8 and 9 present penetration r e s u l t s  f o r  t e s t  beds of  mixed par- 
t i c l e  s izes  i n  which the  p ro jec t i l e  generally penetrated the  surface deeper i n  the  
vacuum environment than a t  atmospheric pressure. The penetration r e su l t s  pre- 
sented i n  reference 9 were obtained f o r  a s l igh t  amount of packing; whereas, those 
presented i n  reference 8 were apparently obtained f o r  a nonpacked surface. Ref- 
erence 10 presents penetration r e s u l t s  f o r  t e s t  beds of mixed pa r t i c l e  s izes  and 
shows that the  depth of penetration i s  a function of surface packing. For an 
unpacked surface the  p ro jec t i l e  penetrates the  surface deeper at atmospheric pres- 
sure than i n  the  vacuum environment; however, f o r  a s l i gh t ly  packed surface the 
p ro jec t i l e  penetrates the  surface deeper i n  the  vacuum environment. The contrast  
i n  t h e  degree of surface packing which yields  deeper penetration i n  the vacuum 
environment i s  possibly due t o  the  mixture of p a r t i c l e  s izes  i n  the reference 
cases, whereas the  data  of t h i s  paper were obtained by using a t e s t  bed of par- 
t i c l e s  of uniform size.  

The c r a t e r s  resu l t ing  from the impact of the  p ro jec t i l e  on t h e  extremely 
packed (heavy s t a t i c  load) powdery surface i n  both atmospheric and vacuum environ- 
ments are  shown i n  the  photographs of f igure 9 .  This f igure a l so  includes photo- 
graphs which i l l u s t r a t e  t he  c ra t e r s  formed during the  impact on the surface which 
had been i n  one case l i g h t l y  packed (23 .5  grams per  square centimeter s t a t i c  
packing pressure) and i n  another intermediate case, moderately packed (68 grams 
per square centimeter s t a t i c  packing pressure).  
sure, t he  photographs show t h a t  l e s s  and less material i s  expelled from the  impact 
c r a t e r  as the  packing pressure i s  increased, which i s  understandable since packing 
tends t o  enhance t h e  coherency between p a r t i c l e s  and t h e  la rger  c lus t e r s  thereby 
formed become l e s s  susceptible t o  expulsion. The c ra t e r s  formed by impacts under 
a vacuum environment on packed surfaces, l i k e  those under atmospheric conditions, 
appear t o  resemble the  c ra t e r s  formed during the  impact on the  nonpacked material .  
(See f i g .  7.) The basic  difference between the c ra t e r s  f o r  t h i s  condition i s  the  
s i ze  of t h e  p a r t i c l e  c lus t e r s  t h a t  compose the  c ra t e r  debris.  The photographs 
show that, as the  amount of packing i s  increased, t he  s i ze  of these c lus te rs  
increases which again i s  'believed t o  b e  due t o  the  increased p a r t i c l e  coherency. 

For impacts a t  atmospheric pres- 

Impacts f o r  t he  extreme packing cases present an in te res t ing  c ra t e r  phenome- 
non. 
appears t o  be an otherwise undisturbed surface, whereas i n  the  vacuum case f o r  the  
same packing, a c r a t e r  composed of p a r t i c l e  c lus t e r s  i n  assorted s izes  was formed. 
The reason f o r  t h i s  d i s s imi l a r i t y  has not been established. 
believed t h a t  t h i s  difference i n  the  crater ing resul ted from a loosening of the  
surface brought about by the  evacuation process. However, subsequent t e s t s  con- 
ducted at  atmospheric pressure after the  tes t  bed had been subjected t o  a vacuum 
environment indicated no apparent differences i n  e i the r  penetration depth o r  
c r a t e r  formation when compared with the  noncycled atmospheric pressure t e s t .  It 

In the  atmospheric case the  body came t o  r e s t  p a r t i a l l y  imbedded i n  what 

It w a s  i n i t i a l l y  
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i s  f e l t  t h a t  the explanation i s  t o  be sought on the molecular l eve l  w i t h  i n t e r -  
p a r t i c l e  forces  of significance; the presence of water vapor and the degree of 
vacuum environment probably are a l so  s ignif icant  factors .  

Depth of the tes t  bed.- In  an e f f o r t  t o  evaluate the e f f ec t s  of the  depth of 
t h e  test-bed material on t h e  penetration depth i n  the d i f fe ren t  s izes  of parti- 
c les ,  several  of t he  impact tes ts  which produced data  f o r  f igure 3 were repeated 
on depths which differed from the 3- t o  6-inch leve ls  maintained f o r  those data.  
Tests on the material indicate  tha t  the  measured depth of penetration i n  the gran- 
u l a r  pa r t i c l e s  was unaffected by the depth of t he  test  bed f o r  a l l  cases tes ted .  
These cases included penetration depths where the  p ro jec t i l e  came t o  rest a t  dis-  
tances ranging from 1 diameter t o  over 4 diameters above the  sol id  subsurface. 
Since a ce r t a in  amount of the p ro jec t i l e  energy i s  diss ipated in to  packing the  
material i n  t he  advance path of the  penetrating body and since the powdery mate- 
r i a l  i s  more subject t o  packing than the  granular material ,  t he  depth of penetra- 
t i o n  i n  the powdery material i s  more readi ly  affected by the boundary condition 
afforded by the  subsurface. It appears from the  t e s t s  conducted on such p a r t i c l e  
s izes  tha t ,  i n  order t o  avoid sca t t e r  due t o  boundary r e s t r i c t ions ,  a tes t  bed of 
suf f ic ien t  depth must be avai lable  t o  maintain a minimum distance of about 
1- diameters between t h e  p ro jec t i l e  following penetration and the  hard subsurface. 1 

2 

Evacuation rate.- The application of the  par t ia l -pressure enviroment t o  the 
t e s t  chamber depends on manual control  of the valving system and, as such, leads 
t o  var ia t ions  i n  the  evacuation o r  pumping rate. The e f f ec t  of such var ia t ions  
on penetration depths w a s  examined. The r e s u l t s  of these t e s t s  indicate  that ,  
except f o r  depth of penetration at pressures approaching atmospheric i n  the  pow- 
dery material, the  penetration depth i s  apparently unaffected by the  evacuation 
ra te .  A t  near-atmospheric pressures it appears that  the  slower the  pumping rate 
the deeper the  penetration i n  the powdery material, possibly because of the  f a c t  
t h a t  the  higher pumping rates, by v i r tue  of the rapid expulsion of the  trapped 
a i r  between pa r t i c l e s  (evident from v i s ib l e  spouting of t he  pa r t i c l e s ) ,  t end  t o  
increase the  density of t he  t e s t  bed and hence retard penetration. 

Exposure t i m e  i n  environment.- During the course of the tests, pa r t i cu la r ly  
i n  the high vacuum region, the  tes t  bed w a s  exposed t o  the  tes t  environment f o r  
random durations of time. Variations i n  the depth of penetration due t o  exposure 
of the  mater ia l  t o  a given pressure,  f o r  times which i n  some cases extended up t o  
approximately 24 hours, appeared t o  be ins igni f icant  since the  measured penetra- 
t i o n  depths f o r  such cases f e l l  within the normal range of s ca t t e r  of t he  data.  
However, it w a s  noted during tests on the  powdery material  t h a t  a l t e r ing  the  tes t  
technique p r i o r  t o  impact t o  include cycling, t ha t  i s ,  impacting the p ro jec t i l e  
after reducing the  pressure below the  tes t  environment and returning, affected 
the  results by reducing the  penetration depth. 
lowing a pressure cycling period may be a fac tor  i n  the  differences noted i n  the  
t rends  of the  da ta  of this paper and t h a t  of reference 9 where data  at  a l l  pres- 
sure l eve l s  were obtained following a vacuum of 1 x 10-5 mm Hg. 

T h i s  decrease i n  penetration f o l -  
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Effect of Pro jec t i le  Variables 

The data of f igures  3 t o  9 present the  penetration charac te r i s t ics  of 
2.54-centimeter, 66.7-gram spherical  p ro j ec t i l e s  impacting a test  bed as affected 
by var iables  associated with the  materials and environment of the t e s t  bed. 
were a l s o  conducted t o  evaluate the  e f f ec t s  of cer ta in  p ro jec t i l e  variables.  The 
results of these t e s t s  are  presented i n  f igure 10, where the  depth of penetration 
i n  a granular and a powdery material  i s  presented a s  a function of environmental 
pressure showing the  e f f ec t  of p ro jec t i l e  mass, diameter, and impact velocity.  
Figure 10 shows t h a t  t h e  penetration depth i n  the granular material ,  over the  
e n t i r e  pressure range, and i n  t h e  powdery material ,  below environmental pressures 
of 1 mm Hg, can, i n  general, be re la ted  t o  these var iables  by means of the empir- 
i c a l  expression: 

Tests 

m 1/2$/3 
y = k  

d 

The penetration parameter k f o r  each of t he  various pa r t i c l e  sizes of t he  
test-bed material  w a s  evaluated from the  experimental data  by expressing as a 
r a t i o  the  depth of penetration of the tes t  configuration and the corresponding 
p ro jec t i l e  var iables  as contained i n  t h e  empirical expression. Values of t h i s  
parameter, based upon the penetration depth which best f a i r e d  the data a t  pres- 
sures below 1 mm Hg,  are presented as a function of average p a r t i c l e  s ize  i n  f ig-  
ure 11. 
p a r t i c l e  s izes  of table I1 and includes the range of p ro jec t i l e  var iables  (mass, 
diameter, and impact velocity) as contained i n  t ab le  I and f igure  10. Figure 11 
also includes data  obtained experimentally from the impact of one configuration 
on a t e s t  bed consisting of >-micron pa r t i c l e s  (not l i s t e d  i n  t ab le  11) and from 
impacts on two other materials, s i l i con  carbide and dry sand. The data from the 
impact of three configurations i n  16-micron s i l icon  carbide were obtained i n  the 
course of the  tests on aluminum oxide, whereas that  f o r  dry sand w a s  obtained 
from reference 6 which presents an ident ica l  empirical expression f o r  penetration 
depths resu l t ing  from impacts of p ro jec t i l e s  having a much wider range of tes t  
var iables  than those presented here. 
atmospheric pressure but  are included here because penetration depths i n  granular 
materials appear t o  be independent of the environmental pressure. 

Figure 11 i s  a composite of all tes t s  conducted on the  aluminum oxide 

The data  f o r  the  dry sand were obtained a t  

Figure 11 shows t h a t  the  penetration parameter k i s  e s sen t i a l ly  constant 
f o r  p a r t i c l e s  varying i n  s i z e  from 600 microns ( the  la rges t  s i ze  examined) t o  
approximately 32 microns. For p a r t i c l e  s izes  less than 32 microns, the  values 
of 
and gradually increase with fu r the r  decreases i n  the  p a r t i c l e  s ize .  
values of k f o r  powdery s i l i con  carbide and dry granular sand appear t o  be i n  
agreement with the  f a i r ed  aluminum oxide data.  It appears, therefore,  t h a t  the 
depth of penetration of spherical  p r o j e c t i l e s  i n  granular materials (pa r t i c l e  
s i zes  grea te r  than approximately 32 microns) can be described by the expression 

k rapidly increase i n  the region of t r ans i t i on  from granular t o  powdery types 
The measured 

1/2v2/3 y = 0.44 
d 

whereas the  depth of penetration i n  powdery materials ( p a r t i c l e  sizes less than 
approximately 32 microns) i s  a function of both the  p ro jec t i l e  var iables  and the  
p a r t i c l e  s ize .  
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CONCLUSIONS 

The r e s u l t s  of an experimental investigation of the penetration character- 
i s t i c s  of spherical  p ro j ec t i l e s  impacting on t o  a t e s t  bed of f ine  pa r t i c l e s ,  
uniform i n  s ize ,  and under a pressure environment which ranged from atmospheric 
t o  1 x mm Hg suggest the  following conclusions: 

1. The depth of penetration in to  beds of aluminum oxide pa r t i c l e s  ranging i n  
s ize  from 600 microns ( the  la rges t  s ize  investigated) t o  about 32 microns i s  inde- 
pendent of both the  environmental pressure and the average pa r t i c l e  s ize .  For 
impacts on t o  p a r t i c l e s  smaller than 32 microns, the  depth of penetration 
increases with decreasing p a r t i c l e  s ize  and i s  dependent upon the  environmental 
pressure i n  the  range between atmospheric and approximately 1 mm Hg. 
motion p ic tures  of the impacts showed tha t  the behavior of the  granular p a r t i c l e s  
( p a r t i c l e s  whose average s i ze  w a s  32 microns or  la rger )  w a s  unaffected by environ- 
mental pressures. However, f o r  smaller pa r t i c l e s ,  which are  powdery i n  nature, 
it w a s  observed t h a t  the number of pa r t i c l e s  expelled during the  impact process 
decreased as t h e  pressure w a s  reduced from atmospheric t o  approximately 1 mm Hg. 
No expulsion w a s  evident at  lower pressures. 

High-speed 

2. Penetration depths i n  the granular materials a r e  unaffected by surface 
packing f o r  s t a t i c  packing pressures up t o  approximately 150 grams per square 
centimeter; however, packing of t h e  powdery materials r e s u l t s  i n  a s igni f icant  
e f f ec t  on the penetration depth of p ro jec t i l e s  at both atmospheric and vacuum 
pressures. Since packing appears t o  occur primarily i n  the v i c i n i t y  immediately 
ahead of the p r o j e c t i l e  i n  the  penetration process, t e s t  beds of powdery mater ia ls  
must be deeper than those of granular materials t o  avoid e f f ec t s  of t he  subsurface 
on penetration. However, w i t h i n  the  scope of the t e s t s  reported herein,  penetra- 
t i o n  depths of p r o j e c t i l e s  i n to  a l l  s izes  of p a r t i c l e s  a re  unaffected by either 
pumping r a t e  o r  the  exposure time of the  t e s t  bed t o  the pressure environment. 

3.  A n  empirical expression w a s  formulated from the  experimental r e s u l t s  which 
r e l a t e s  the depth of penetration t o  cer ta in  p ro jec t i l e  var iables  f o r  impacts on 
t o  the granular material over t h e  e n t i r e  range of t e s t  pressure and f o r  impacts 
on t o  powdery mater ia ls  below environmental pressures of 1 mm Hg. 
an increase i n  p ro jec t i l e  mass o r  impact ve loc i ty  and a decrease i n  body diameter 
r e s u l t s  i n  an increase i n  the  depth of penetration. 

A s  anticipated,  

Landey Research Center, 
National Aeronautics and Space Admini st rat ion, 

Langley Station, Hampton, Va . ,  September 18, 1962. 
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TABU I.- DESCRIPTION OF SPHERICAL PROJECTILES 

Conf igurat 
I ~. 

I I - I 
';ion I I Diameter, Mass, 

cm a 

I 1 
2 
3 
4 
5 
6 

2.54 
2.54 
2.54 
2.54 
1.91 
1-59 

I 66.7 . .  

47.4 
16.4 I 
12.3 
16.4 
16.4 

TABL;E 11.- CHARACTERISTICS OF TEST-BED MATERIAL 

Average p a r t i c l e  s ize ,  
microns 

600 
266 
86 
44 

8 
3 

Average bulk density,  
g/cc 

2.14 
2.10 
2.06 
1.84 
1.78 
1.67 
1.44 
1.27 

97 
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Test-bed material 

Figure 1.- Se-ctional sketch of low-vacuum environmental chamber showing 
per t inent  components. 
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Figure 2.- High-vacuum environmental chamber and test apparatus. 
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Figure 10.- Continued. 
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